Sealed tonoplast vesicles were isolated from single cells of Chara coralUna with the aid of an intracellular perfusion technique in combination with a 3/10% Percoll two step gradient centrifugation. The isolated tonoplast fraction was free from plasmalemma and chloroplasts, and showed no activities of cytochrome c oxidase, and latent IDPase, but had about 10% of the NADH-cytochrome c reductase activity. The vesicles had both ATPase and PPase activities, which could be stimulated in the presence of 10 micromolar gramicidin by 170 and 130%, respectively, demonstrating the existence of sealed vesicles. Furthermore, ATP-and PPi-dependent H+ pumping through the membrane into the vesicles was shown. Both ATPase and PPase had pH optima around pH 8.5. At the physiological pH, 7.3, they still had more than 80% of their maximal activities. Ammonium molybdate, azide, and vanadate had no or little effect on the activities of both enzymes or their associated H+ pumping activities. N,N'-dicyclohexylcarbodiimide inhibited the ATPase strongly (I. = 20 micromolar) but the PPase only weakly. The ATPase was also more sensitive to N-ethylmaleimide than the PPase. 4,4'-Stilbenedisulfonic acid affected both enzyme activities and their associated H+ pumping activities. This is in contrast to the H+-PPase of higher plants which is 4,4'-stilbenedisulfonic acid insensitive.
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1168 (5, 8, 20, 32) . This activity is distinct from that of H+-translocating ATPase (21, 33) . H+-PPase is predominantly localized at the tonoplast. This was shown by using membrane fractions separated by density gradients from microsomal membranes (5, 8) , or by using isolated vacuoles (32) . Shimmen and MacRobbie (24) , using plasmalemma permeabilized cells of Nitella demonstrated that both the ATP-and PPi-dependent H+-pumps are located on the same tonoplast, and assumed that these are a H+ -translocating ATPase and a PPase, respectively. These two enzymes have different sensitivities to inhibitors. In contrast to the H+-ATPase, the H+-PPase is not inhibited by NO3- (8, 20, 32) and only weakly inhibited by DCCD3 (25, 33) .
The H + -PPase from maize coleoptiles is insensitive to DIDS but the H+-ATPase is completely inhibited by this compound (8) .
In order to study enzyme activities of the Chara tonoplast together with H+ transport activities, it is essential to isolate membrane vesicles. Taking advantage of the intracellular perfusion technique (30), we isolated highly purified vacuolar membrane as vesicles directly from the inside of Chara cells. These vesicles exhibited both H+-translocating ATPase and PPase activities.
MATERIALS AND METHODS
Plant Material and Culture. Chara corallina was cultured as described previously (29) . Internodal cells were isolated from neighboring cells by ligation with polyester threads. They were treated with a low pH APW (APW, pH 5.5; 0.1 mM each of CaCl2, KCI, and NaCl; and 5 mM Mes-Tris, pH 5.5), to remove CaCO3 precipitates on the cell wall, then stored in APW (pH 7.3) (0.1 mm each of CaCl2, KCl, and NaCl, and 2 mM HepesTris, pH 7.3) at least overnight before use.
Isolation of Tonoplast. Intracellular perfusion was carried out after Tazawa et al. (30) . Ten to 15 cells were placed on a glass plate, both ends of which were covered with a sheet of Parafilm (American Can Company). After loss of turgor pressure, both cell ends were cut off. Then the cell sap was replaced with the perfusion medium, (EGTA-perfusion medium), containing 10 mM Hepes-Tris (pH 7.3), 5 mm EGTA, and 280 mm sorbitol (Fig. 1) As shown in Figure la, cell sap was removed by the internal perfusion (first perfusion) with the EGTA-perfusion medium of two to three times the cell volume. The perfusate was used as the cell sap fraction for further analysis. Thereafter cells were again internally perfused three times in both directions with the EGTA-perfusion medium of five to ten times the cell volume (Fig. lb) . The collected perfusion media containing endoplasm and disintegrated tonoplast was used as the crude fraction for further fractionation. Each 1.6 ml of the crude fraction was mixed with 0.4 ml of the perfusion medium containing 50% Percoll. This 10% Percoll solution was introduced into a centrifuge tube and covered with 3 ml of the perfusion medium in 3% Percoll (Fig. lc) 40 F.M acridine orange, 1 mm substrate, 252 mM sorbitol, and 50 mM KCl. The osmolality of the medium guaranteed the sealing of the vesicles. After a 10 min incubation, the reaction was initiated by the addition of 1 mM MgSO4. The absorbance change was monitored with a double beam/difference/dual wavelength recording spectrophotometer (Shimadzu UV-3000) at 490 run with the reference at 600 nm (7).
Enzyme Assays. ATPase and PPase activities was measured as the rate of Pi liberation according to the method of Chen et al. (6) . The reaction medium contained 30 mm Hepes-Tris (pH 7.3), 50 mM KCI, 3 mm MgCl2, 7.5 /M (NH4)6Mo7024, 150 p.M NaN3, and 3 mm Na2ATP for the ATPase assay or 3 mM Na4P207 for the PPase assay. The reaction was started by adding membrane vesicles containing 0.1 to 2 ,ug protein to 0.5 ml of the reaction medium. Since the reaction medium was hypotonic to the vesicles, they were osmotically shocked. The mixture was incubated at 37°C for 30 min or 1 h, and the reaction was stopped by adding 3.5 ml of the stop medium containing 0.57% ascorbate, 0.69 N H2SO4 and 0.29% (NH4)6Mo7024. After 15 min incubation at 37°C the absorbance of the molybdate-phosphate color complex was measured at 820 nm. In some assays, MgCl2 and Na4P207 concentrations were reduced from 3 to 0.5 mm, because lower substrate concrentrations gave a higher specific activity. PPase activity was calculated as the half rate of Pi liberation, since 1 mol of PPi yields 2 mol of Pi. Variations in the assay conditions are indicated in the text and legends.
For experiments using the ionophore, gramicidin, 100 mM sorbitol was added to the assay medium to protect sealed vesicles from bursting by adjusting the osmolality of the medium to that of the perfusion medium.
Acid phosphatase activity was measured as described before (9) . The enzyme activity was calculated using 4-nitrophenol as the standard.
Cyt c oxidase and NADH-Cyt c oxidoreductase were assayed according to the methods of Hodges and Leonard (12) .
Digitonin-stimulated IDPase was assayed according to Nagahashi and Nagahashi (19) .
Protein Determination. Protein was measured by the method of Bradford (3). BSA was used as the standard. Chemicals. Percoll was purchased from Pharmacia (Upsala, Sweden). All chemicals were of analytical grade and purchased from Sigma, Boehringer-Mannheim or Merck. All results were the mean of at least three independent experiments, except the results in Figure 2 , which were representative of two independent experiments.
RESULTS
Distribution of the Vacuolar Membranes on Linear Sucrose Density Gradient. The lack of a reliable marker for the vacuolar membrane has been one of the major obstacles in separating it from other membranes. To detect the distribution of the vacuolar membrane on the sucrose gradient more precisely, we fluorescently labeled the vacuolar membrane directly with FITC-Con A. As shown in Figure 2a had two major peaks, one is at around 17% and the other is at around 25%. These two peaks really showed localization of the FITC-labeled tonoplast, because when the cell was perfused with perfusion medium containing 125 mM a-methyl-D-mannoside with FITC-Con A, the labeling of the tonoplast with FITC-Con A was inhibited. The KNO3-sensitive ATPase had its maximum at about 12 and 25% sucrose, which coincides with the peaks of the FITC labeling. But because of the overlap with the soluble acid phosphatase activity and digitonin-stimulated IDPase, the separation of the peak at around 12% was not satisfactory (Fig.  2b) . The marker enzymes of the Golgi membrane, the latent IDPase, banded at around 32% sucrose, was separated from the peak of the vacuolar membrane marker. Using FITC-labeling as a tonoplast marker we isolated further the tonoplast vesicles.
Isolation of Vacuolar Membranes. The flotation method has been widely used for isolating intact vacuoles from protoplasts. One of the difficulties in obtaining purified vacuoles was to exclude contamination with plasmalemma fragments which amounted to 10 to 15% (31) . We overcame this by using an intracellular perfusion technique (Fig. 1) . After the second perfusion, the plasmalemma and the rows of chloroplasts are still intact (Fig.  lb) . They were completely excluded from the extruded cell fractions.
As shown in Table I , about 10% of bound FITC-Con A and about 7% of the KF-sensitive PPase activity were recovered in the tonoplast fraction. In this fraction no activities of latent IDPase and Cyt c oxidase were detected, indicating no contamination by the Golgi apparatus and mitochondria, but about 10% of NADH-Cyt c reductase activity was observed. A high acid phosphatase activity was found in the cell sap fraction, but almost no activity remained in the crude and purified tonoplast fractions.
These results indicate that the tonoplast is a major component of this fraction. This tonoplast fraction was further used to characterize the membrane associated H+ -translocating ATPase and PPase.
pH Dependencies of Acid Phosphatase, ATPase, and PPase. In order to check for contamination of the tonoplast fraction with the acid phosphatase of the cell sap, we measured the pH dependency of the acid phosphatase derived from the vacuolar sap fraction (Fig. 3a) . The pH optim.um was found to be 4.5. The activity decreased gradually in the alkaline region, although 10% of the maximal activity still remained at pH 9. In comparison, Figure 3b shows the pH dependencies of the ATPase and PPase activities in the tonoplast fraction. Both had maximal activities at pH 8.5. These pH dependencies were clearly separated from that of the acid phosphatase activity, indicating that the tonoplast fraction was not significantly contaminated by the acid phosphatase of the vacuole.
Effect of lonophores on the ATPase and PPase Activities. It is well known that the electrogenic H+-ATPase associated with sealed vesicles is stimulated by protonophores by dissipating the H + electrochemical gradient across the membrane (27) . To check (33) reported that the tonoplast-type PPase, derived from maize coleoptiles and oat roots, was insensitive to DIDS.
As shown in Figure 4a , DCCD, an inhibitor of membranebound ATPases, inhibited more than 80% of the ATPase activity at levels around 150#tM and more than 50% of the ATP-dependent H+ pumping at 10 ,LM (Fig. 4b) . On the other hand, the PPase activity and the PPi-dependent H+ pumping activity were less sensitive to DCCD. DES, another inhibitor of ATPases, also had an inhibitory pH effect on both the ATP-and PPi-dependent H+ pumping like DCCD (Table IV) (Table II) , and ATP-and PPi-dependent H+ pumping activities (Table III) . While ATPase activity was partially inhibited by (NH4)6Mo7024, the PPase activity was insensitive at this concentration.
Effects of other inhibitors on both H+-translocating ATPase and PPase are shown in Table IV (14) . Since the existence of Con A receptors on the exoplasmic surface of the vacuolar membrane in Chara has been demonstrated (22) , it can be used as a marker of the tonoplast. Both FITC-Con A and KNO3-sensitive ATPase activities had peaks at around 12 to 17% and 25% sucrose. This result indicates that FITC-Con A can be used as a tonoplast marker in Chara. FITC-Con A seems not to alter the density of the tonoplast, because the peak of the KNO3-sensitive ATPase activity was not changed by treatment of FITC-Con A (data not shown). The inability to separate the activities of KNO3-sensitive ATPase, KF-sensitive PPase, and digitonin-stimulated IDPase in the soluble protein region may be due to the steep density gradient that existed between the crude fraction containing 5% sorbitol, and the sucrose gradient (15-45%). Concentration of membranes in this region was also observed by Ali et al. (1) in isolating Golgi apparatus from sycamore suspension cultures.
Isolation of the Vacuolar Membranes. A combination of the intracellular perfusion technique and the flotation method enabled us to obtain tonoplast vesicles free from contamination by plasmalemma, chloroplasts, Golgi, and mitochondria. The low NADH-Cyt c reductase activity observed in this fraction may not necessarily be derived from the contamination by ER. Moreau et al. (17) reported that the vacuolar compartment of the rubber tree, luteoid, contained NADH-Cyt c reductase activity.
Properties of the H+-Translocating ATPase and PPase. The effect of various inhibitors on the enzyme activities and the associated pumping activities are summarized in Table IV . The pH of the Chara vacuolar sap is well regulated at about pH 5 (18) . Because acid phosphatase has a pH optimum at about 4.5, the acidic pH of the vacuolar sap is favorable for its activity. Both ATPase and PPase have pH optima of 8.5. At the normal cytoplasmic pH of 7.3 (15) both ATPase and PPase can maintain more than 80% of their maximum activity (Fig. 3b) . The pH optima of tonoplast-type ATPases in higher plants vary between 7.0 to 8.5, and their activities show fairly broad pH dependencies, suggesting the presence of various types of tonoplast-ATPases in plants (27) . The pH optimum of PPase in tonoplast vesicles from red beet is between 7.5 and 8.0 (20) .
The observed inhibition of the ATPase activity in the tonoplast fraction by ammonium molybdate (Table II) may partly be due to the remaining acid phosphatase activity. But because the acid phosphatase hydrolyzed ATP and PPi with almost the same rate (23) , insensitivity of PPi hydrolyzing activity in this fraction to (NH4)6Mo7024 cannot be explained solely by contamination with the remaining acid phosphatase activity. Plant Physiol. Vol. 86, 1988 Different sensitivities of ATP-and PPi-dependent H+ transport to DCCD were reported in plasmalemma permeabilized Nitella cells (25) . The PPase activity and the PPi-dependent H+ pumping in Chara also showed different sensitivities to 100 AM DCCD (Fig. 4, a and b) . This indicates that tonoplast vesicles had lost their semipermeability to H+, when they were treated with higher concentrations of DCCD. The chloroplast membrane of Pisum became permeable to solutes after treatment with 100 AM DCCD (16) . Chanson et al. (5) reported that 1tO Mm DCCD completely inhibited the PPi-dependent H+ pumping activity in microsomal vesicles from corn coleoptiles, but they did not measure the effect of DCCD on the PPase activity. Wang et al. (33) found that 100 gM DCCD inhibited the PPi-dependent H + pumping and the PPase from oat roots by only 20 to 40% and that the sensitivity of the H+ PPase to DCCD depended on the redox state of the assay medium and the age of preparations.
Reduced sulfhydryl groups are required for tonoplast-type H +-ATPase in corn coleoptiles and other higher plants (8, 9, 27) . ATPase and ATP-dependent H + pumping activities were sensitive to NEM in Chara (150 = 9-12 gM), while PPase and PPidependent H + pumping activities were much less sensitive (Table  IV) . These different sensitivities to NEM may be due to the different accessibility of NEM to sulfhydryl groups between H +-translocating ATPase and PPase.
In isolated vacuolar membranes of Chara both ATPase and PPase and ATP-and PPi-dependent H + pumping activities were inhibited by DIDS (I05 = 25 gM). This is in contrast to the insensitivity of the PPi-dependent H+ transport across the tonoplast of coleoptiles (8) (4) . PPi can also be used as a substrate for the UDP-glucose pyrophosphorylase that functions in the breakdown of sucrose (2). On the contrary, the formation of polymers, such as starch, cellulose, 
